Cottontail rabbit papillomavirus induces benign tumors, papillomas, in rabbits which progress at a high frequency to malignant tumors, carcinomas. Cottontail rabbit papillomavirus therefore provides an experimental model for oncogenic human papillomaviruses. The nature of the antigens recognized by the host has not been identified at any stage of tumor development. Here, we characterized the humoral immune response to viral antigens in cottontail and domestic rabbits at the papilloma stage, in domestic rabbits at the carcinoma stage, and in animals in which papillomas had regressed. Antibodies to linear epitopes were identified by Western blotting (immunoblotting) with bacterial fusion proteins, and evidence for recognition of conformational epitopes was obtained by immunoprecipitation. An immune response to the early proteins El, E2, E6, and E7 was detected only in a fraction of the animals, and all animals were negative for E4 and E5. The response to E6 and E7 peaked around 7 months and then decreased, while that to El and E2 remained level after an initial raise. The antibody response to structural proteins was low at the papilloma stage, and antibodies to Li recognized predominantly conformational epitopes. As papillomas progressed to carcinomas, there was a drastic increase in the response to Li and L2, suggesting a change in interaction between virus-infected host cells and the host's immune system.
Papillomaviruses are a group of closely related small DNA tumor viruses which recently have received special attention because of their strong association with human genital cancer (reviewed in references 39 and 40) . Cottontail rabbit papillomavirus (CRPV) was the first DNA tumor virus identified (29) and provides an animal model for the highly oncogenic human papillomaviruses (HPVs). Papillomas can be induced in the natural, virus-producing host, the cottontail rabbit and, with equal efficiency, in domestic rabbits, which produce little if any virus. Virus infection leads to three different outcomes in rabbits. First, the papillomas will appear and persist for the lifetime of the rabbit; second, papillomas spontaneously regress, usually 2 to 3 months after infection; and third, papillomas progress to carcinomas after 8 to 15 months (reviewed in reference 37). In studies involving a large number of domestic rabbits, spontaneous regression was observed in about 10% of the animals and progression to cancers in about 75% (36) . In other investigations, the spontaneous regression rate was higher, as high as 35% (12) . Most recently, it has been shown that a positive correlation exists between progression as well as regression with certain allotypes of major histocompatibility complex class II molecules (16) , and this may explain the difference in progression and regression rates observed in different studies. Additional observations have pointed to a difference in immune status between animals with persisting papillomas and those with regressing papillomas. Neither can be superinfected with virus directly, but in rabbits with persisting papillomas, additional papillomas can be induced with DNA (14) or by infection of skin in vitro and transplantion of the infected skin back onto rabbits (22) . Both modes of inducing papillomas, however, are ineffective in regressor rabbits.
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There is no information about the exact nature of the antigens recognized in the different states of immunity. Sera from rabbits with persisting, regressing, or progressing papillomas can neutralize the virus, and it has been shown directly that antibodies to Li, the major structural protein of the virus (24) , and to L2, a minor structural protein (7, 24) , have neutralizing activity. The nature of the antigen(s) and the immune response preventing virus induction with DNA in regressor rabbits is not known. The finding that the regression frequency can be increased by vaccination of rabbits with extracts from papillomas of domestic rabbits (12, 13) suggests that antigens expressed in tumor cells play an important role. In this investigation, we performed a comprehensive study of the humoral immune response to the two structural proteins and to six nonstructural proteins of the virus in cottontail rabbits at the papilloma stage and in domestic rabbits at different times after infection, including rabbits whose papillomas had regressed or progressed to carcinomas. Only in a fraction of the rabbits could a response to nonstructural proteins be detected, and the time course of the response differed for different proteins. All papilloma-bearing animals with one exception had antibodies to Li, and the response to structural proteins was much stronger when papillomas had progressed to carcinomas.
MATERIALS AND METHODS
Animals and virus. Cottontail rabbits were obtained from E. Johnson, Rago, Kans., and infected with the Washington B strain of CRPV by intradermal injection as previously described (34) . New Zealand White (NZW) rabbits were obtained from the Irish Farm, Norco, Calif., and infected by scarification.
Fusion proteins and in vitro-translated proteins. Plasmids expressing the TrpE-E6, -E7, -L1, or -L2 fusion protein were previously described (2, 3, 24 and used at a 1-to-50 dilution with membranes blocked with nonfat milk. The blots were then treated with horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G (heavy and light chain specific) (Bio-Rad) and developed with 4-chloro-1-naphthol as described previously (24) .
Recombinant W expressing E6, E7, or Li ORFs of CRPV. The recombinant vaccinia virus (W) expressing CRPV Li was described previously (24 
RESULTS
Characterization of fusion proteins. Since an in vitro cell culture system for growing papillomaviruses is not available, we cloned the different CRPV ORFs in bacterial expression systems and used bacterial fusion proteins to screen large numbers of serum samples for the presence of antibodies to the various virus-encoded proteins by Western blotting.
With the exception of the El fusion protein in which the El ORF was linked to ,-galactosidase, the fusion proteins of E2, E4, E5, E6, E7, Li, and L2 contained the TrpE protein.
TrpE-E6, -E7, -Li, and -L2 used in this investigation were characterized previously (in references 2, 3, and 24). The TrpE-E2 fusion protein contained 98% of E2 and lacked the first seven amino acids, TrpE-E4 contained all of E4 except the first two amino acids, and TrpE-E5 was missing the first eight amino acids. The calculated sizes of the proteins are 80, 61, and 48 kDa, respectively, and bands with the corresponding sizes can be seen in Fig. 1 (lanes 3, 4, and 5). These bands were absent in extracts from noninduced bacteria (data not shown) or in bacteria transformed with the parental pATH vector (Fig. 1, lanes 6 and 7) . El was expressed as a P-galactosidase fusion protein (pROS-El) which contained the C-terminal 86% of El and had a calculated size of 103 kDa. The expression of the El fusion protein was verified by SDS-PAGE (Fig. 1, lanes 1 and 2) . Extracts from bacteria transformed with pROS and induced with IPTG contained a band of 45 kDa, the size of the ,-galactosidase fragment expressed (Fig. 1, lane 1) , and those transformed with pROS-El contained a band comigrating with the 97-kDa size marker (Fig. 1, lane 2 Humoral immune responses to CRPV proteins in papillomabearing rabbits. The status of the humoral immune response was determined at different times after infection in domestic rabbits. Thirty-five New Zealand White rabbits were infected with CRPV at four sites by applying virus to scarified skin. On four rabbits (11%), tumors regressed about 3 months after infection; however, in one regressor rabbit, a papilloma grew back about 1 year after complete regression. Thirty-one rabbits were monitored during the papilloma stage of the infection.
The general survey was performed by Western blot analyses, and the results are summarized in Table 1 . Selected sera were also evaluated by immunoprecipitation with recombinant W cell lysates or in vitro-translated proteins. The results of immunoprecipitations, except for Li, were in agreement with the Western blot analyses. Figure 2 shows the Western blots of sera obtained at different times after infection of a rabbit positive for E6 ( Fig. 2A) and one positive for E7 (Fig. 2B) about 6 months after infection, but the response did not decline thereafter (data not shown). Of the 31 rabbits observed, a total of 7 (23%) were positive for E6 and 3 (10%) were positive for E7 ( Table 1 ). The time course of the E2 response is shown for three rabbits, using immunoprecipitation of in vitro-translated E2 (Fig. 3) . Immunoprecipitation with the positive postinfection sera resulted in a major band corresponding to full-length E2 and minor, smaller bands Fig. 3 . The positions and sizes of the markers are given (in kilodaltons) on the left; the position of full-length El is indicated on the right. generated by internal initiation or premature termination of in vitro translation. The preinfection sera for two rabbits (Fig. 3, lanes 1 and 3) and the early time points for three rabbits (Fig. 3, lanes 4, 7, 8 , and 10) were negative. Two rabbits were positive at 9 and 5 months, respectively (Fig. 3,  lanes 5 and 11) , while one rabbit was still negative at 8 months but was positive at 13 months (Fig. 3, lanes 8 and 9) . After becoming positive, the responses, however, remained about the same in subsequent samples (Fig. 3 , lanes 5 and 6 and lanes 11 and 12), and this was the general finding with the more extensive Western blot survey. In this survey, a total of 10 rabbits (32%) were positive for E2 ( Table 1) .
The El response detected by Western blots was similar to that for E2. Nine rabbits (29%) were positive (Table 1) , and the time course of the response for two rabbits determined by immunoprecipitation of in vitro-translated El is shown in Fig. 4 . The response to El was the same at 8 and 12 months (Fig. 4, lanes 7 and 8) and at 8 and 17 months (Fig. 4 , lanes 11 and 12) in the two rabbits IN11 and IN12, respectively. Note that hyperimmune serum to El as well as all positive postinfection sera precipitated two bands. Translation of the 3'-shortened transcripts resulted in proteins with calculated sizes of 30 and 54 kDa (Fig. 4, lanes 1 and 2) . The presence of the second band together with the 54-kDa protein indicated that the second El band represented an amino-terminal segment of El. Overall, the response to El was similar to that to E2, i.e., after an initial increase, it persisted at about the same level.
The results of the Western blot analyses of the immune response in papilloma-bearing cottontail rabbits are summarized in Table 1 . From eight cottontail rabbits, serum samples at only two time points were obtained from each rabbit. One serum sample was drawn before infection, and a second one was obtained at the time of sacrifice when papillomas were removed 4 to 6 months after infection. The Western blot analysis for antibodies to E6, E7, Ll, and L2 are shown in Fig. 5 , and the ELISA titers for the same sera are shown in Table 2 <60  495  <60  165  60  <60  K124  <60  150  <60  1,080  105  <60  K127  <60  3,645  180  2,825  60  <60  K128  <60  <60  <60  165  540  <60  K129  <60  1,350  1,485  105  270  <60  K131  <60  <60  120  103  <60  <60  K132  <60  <60  <60  <60 <60 <60 a The postinfection sera from cottontail rabbits were the same as described in the legend to Fig. 5 8) . Analysis of the immunoprecipitates and size markers in lane M were as described in the legend to Fig. 3 . The positions and sizes of the markers (in kilodaltons) are indicated on the left, and the position of Li is shown on the right. months after infection. The immunoprecipitation analysis of the serum from one rabbit is shown in Fig. 3, lanes 1 and 2. Antibodies to conformational epitopes of Li. It has been known for a long time that sera from papillloma-bearing rabbits contain neutralizing antibodies, and recently, we showed that rabbits protected by vaccination with L1/VV in the majority were negative in Western blots with TrpE-L1 (24) . This suggested that conformational epitopes or modifications of Li not performed by bacteria were major targets of the neutralizing response to Li in papilloma-bearing rabbits. Immunoprecipitation with extracts from L1/VVinfected cells permitted the detection of antibodies in 30 of 31 papilloma-bearing domestic rabbits, in both Western blot-negative cottontail rabbit serum samples, and in two of the four regressor rabbits. The positive immunoprecipitations of three Western blot-negative sera are shown in Fig. 6 , lanes 2, 4, and 8. Thus, a humoral response to Li could be detected in essentially all rabbits with papillomas 4 to 6 months after infection. The possibility that this response was directed to conformational epitopes was further investigated and is strongly supported by the findings presented in Fig. 7 . In Fig. 7 , it is shown that the immunoprecipitation of Li from Ll/VV-infected cells with a Western blot-negative serum could be blocked with native TrpE-L1 (Fig. 7, lane 1) but not with TrpE-Ll heat denatured by boiling for 10 min (Fig. 7, lane 2) . The heat treatment did not alter the mobility of TrpE-L1 on SDS-PAGE, indicating that it did not affect the integrity of the protein. Furthermore, in vitro translation of Li in the presence (Fig. 7, lane 5) or absence (Fig. 7, lane  6 ) of a microsomal membrane fraction resulted in proteins of identical electrophoretic mobility. This suggested that glycosylation did not contribute to the difference in results obtained with immunoprecipitation and Western blotting. Thus, most likely, conformational epitopes were the major targets in Li in papilloma-bearing rabbits.
Humoral immune response to CRPV proteins in rabbits with carcinomas. CRPV provides a unique system in which papillomavirus-host interactions can be investigated after progression of papillomas to carcinomas. Of 31 papillomabearing domestic rabbits, 25 were observed for up to 2 years; 6 animals died of causes unrelated to CRPV infection; and in 22 of the 25 rabbits (88%), papillomas progressed to carcinomas within 16 months after infection (mean time, 12 months). The humoral immune response to early proteins was similar to that at the papilloma stage except for the response to E6 and E7. As indicated, the response to these two proteins started to decline during the papilloma stage (Fig. 2) . The response to structural proteins, however, was very different, and this difference was particularly pronounced in Western blot analysis. Two characteristic examples are presented in Fig. 8. Fig. 8A shows the analysis of serial serum samples from a rabbit which was Li positive but L2 negative during the papilloma stage but was strongly positive for both at 12 months when carcinoma had developed. The second animal (Fig. 8B) was weakly positive for Li and negative for L2 at the papilloma stage but was strongly positive for antibodies to both proteins at the carcinoma stage 13 months after infection. Overall, 20 (Fig. 6, lane 4) and at two different time points at the carcinoma stage (Fig. 6, lanes 5 and 6) rabbits and in domestic rabbits at the papilloma and carcinoma stages as well as in rabbits with regressing papillomas. The antibody response to CRPV revealed two unexpected features. The first was that the response to E6 and E7 first increased and later declined, and the second was the drastic increase in the response to Li and L2 as papillomas progressed to carcinomas.
The initial rise and subsequent decrease of the response to the transforming proteins E6 and E7 was unexpected since the relative level of mRNA for E2 compared to that for E6 and E7 is the same in papillomas and carcinomas. Indeed, the level of mRNA for these two proteins is considerably higher than that for E2 (38) . The absence of a change in the level of viral gene expression suggests that the decline in antibodies late in infection has an immunologic basis. Different phenoma could explain this observation. First, the immune response could be suppressed despite continued antigen expression. This has been observed with T-cellmediated immunity in lepromatous leprosy (reviewed in reference 17). Here, it would most likely represent an effect on T-helper cells, which may become tolerized. Second, there could be an impairment of expression of major histocompatibility complex class molecules specifically required to present E6 and E7; expression of major histocompatability complex class molecules on keratinocytes has been reported previously (23) . Also, the detection of antibodies could be obscured because of an excess of antigen, as has been suggested at some stage in the course of hepatitis B virus infections. Finally, later in infection, increasingly antibodies of high affinity may be produced which recognize epitopes not present in the antigen preparation of our assays.
Other prominent features of the immune response during the papilloma stage were the absence of antibodies to E4 and E5. The absence of a response to E4 was particularly unexpected in cottontail rabbits. This protein is a nonstructural late protein expressed to very high levels in HPV-1-induced papillomas (9) and causes the disaggregation of the cytoplasmic skeleton (10) . Furthermore, in HPV-1, -6, or -11 condyloma and in low-grade lesions of HPV-16, and E4 mRNA is the most abundant transcript (5, 6, 8, 30) , and antibodies to E4 of HPV-8 (33) and of HPV-16 (20) were detected in human sera. The situation with CRPV is somewhat different. An E4 candidate mRNA was detected only in virus-producing cottontail papillomas, but it was less abundant than the mRNAs for both the major and minor structural proteins (26) . It is also possible that the lack of a response is related to some unusual property of the protein. This is indicated by the finding that TrpE-E4 does not migrate as a well-defined band in SDS-PAGE when prepared by standard methods, but it does after treatment with 8 M urea. The absence of a response to E5 could have an entirely different explanation. The location of ORF E5 in CRPV is unusual. In most papillomaviruses, E5 is located upstream of the early polyadenylation site, while in CRPV, the polyadenylation signal is located within the ORF (15) . Sequence comparisons between ORF E5 of CRPV and other papillomaviruses show little homology, and thus, it has been proposed that it may not be a functional gene (1) . This notion is supported by the finding that deletion of the carboxyterminal third of the ORF does not abolish the ability of CRPV DNA to induce papillomas. Furthermore, E5 expressed under a heterologous promoter does not transform cells (25) , and so far, no mRNA for E5 has been identified (26) .
The finding that the response to Li at the papilloma stage is predominantly to conformational epitopes is similar to findings with HPV-1-infected humans (32) . In humans, a high percentage of serum samples (79%) were positive in assays which scored conformational epitopes, e.g., ELISA and immunoprecipitation with intact virions, but only a low percentage (10%) were positive in assays detecting linear epitopes, e.g., Western blots and ELISA with disrupted viruses. The results with CRPV and with HPV-1 differ in one respect. With CRPV, there was a parallel in the intensity of the response measured by Western blots and by immunoprecipitation but not with HPV-1.
The analysis of antibodies in sera of regressor rabbits did not reveal any unusual features. The detection of antibodies to E2 in two of four animals is about in proportion to what was found in nonregressors (32%), and responses to other nonstructural proteins may have been missed because of the small sample size. The response to Li determined by immunoprecipitation revealed a positive response in two of the four animals. This represents a 50% response rate compared with a 91% rate in nonregressor rabbits. Because of the small number of regressors, it is uncertain whether the difference is significant.
The high frequency of progression of papillomas to carcinomas in domestic rabbits provided an opportunity to determine whether carcinoma development was related to a change in the immune response. Evidence for such alterations has come from the analysis of sera from cervical cancer patients, in whom an increased response to HPV-16 E7 was found (20, 35) , and from patients with squamous cell carcinomas, who responded more strongly to Li of HPV-8 than controls (33) . The findings with CRPV were of pronounced increases in the responses to Li and L2, particularly in Western blots, in which the positive response to Li increased from 29 to 91% and to L2 from 0 to 50% of the (28) . In Northern (RNA) blot analyses, the mRNAs encoding structural proteins are not detectable in domestic rabbit papillomas and carcinomas (26, 27) , although dot-blot hybridizations revealed a weak positive signal to Li in both (data not shown). One possibility is that structural proteins are very stable and ultimately accumulate to a level high enough to stimulate a vigorous immune response. Alternatively, it must be considered that the late response was not directed to viral proteins but host proteins with crossreacting epitopes. This is unlikely; first, in one-half of the rabbits this response was not to one but to two viral proteins; and second, within Li the response was to multiple epitopes located in the amino-terminal and carboxy-terminal segments of the protein (data not shown). Finally, the strong stimulation may reflect a change in the interaction of the immune system and viral antigens at least in part as a consequence of the different localization of virus-infected cells in papillomas and carcinomas. An increase in the response to Li has also been reported when HPV-8-associated cancers develop (33) . Similarly, in HPV-16-associated cervical cancers, an increase to a viral protein, E7, is observed (20, 35) . The late increase in the humoral immune response to viral antigens may be a common feature of infections with cancer-associated papillomaviruses and may reflect a change in the interaction of the immune system and viral antigens.
